A B S T R A C T The effect of phenobarbital on bilirubin excretion was studied in rats with different capacities for bilirubin conjugation. Drug treatment induced substantial increases in bilirubin UDP-glucuronyl transferase activity in the liver of both normal and heterozygous Gunn rats, but not homozygous Gunn rats in which enzyme activity is completely absent. However, enhancement of bilirubin excretion in vivo was observed only in heterozygous Gunn rats. In these animals the maximum capacity to excrete bilirubin into bile (T.ax), like the activity of the conjugating enzyme, was half normal; phenobarbital caused an increase in Tmax to levels characteristic of normal animals, with a twofold rise in the excretion of conjugated pigment. This appeared to be largely unrelated to enhancement of bile flow, and there was no stimulation of alternate pathways of bilirubin excretion.
A B S T R A C T The effect of phenobarbital on bilirubin excretion was studied in rats with different capacities for bilirubin conjugation. Drug treatment induced substantial increases in bilirubin UDP-glucuronyl transferase activity in the liver of both normal and heterozygous Gunn rats, but not homozygous Gunn rats in which enzyme activity is completely absent. However, enhancement of bilirubin excretion in vivo was observed only in heterozygous Gunn rats. In these animals the maximum capacity to excrete bilirubin into bile (T.ax), like the activity of the conjugating enzyme, was half normal; phenobarbital caused an increase in Tmax to levels characteristic of normal animals, with a twofold rise in the excretion of conjugated pigment. This appeared to be largely unrelated to enhancement of bile flow, and there was no stimulation of alternate pathways of bilirubin excretion.
Conjugated bilirubin was consistently recovered from the plasma and urine of both untreated normal and heterozygous Gunn rats infused with unconjugated pigment. The quantities thus recovered comprised a similar fraction of the total pigment conjugated in both types of animal. Moreover, there were linear correlations between Tmax and both the rate of bile flow and the activity of the conjugating enzyme over the range of values represented by control rats of both types. These findings suggest that the process by which conjugated bilirubin is secreted into the bile is closely related to conjugation and limits the final excretory rate at different levels of pigment excretion. The phenobarbital effect uniquely INTRODUCTION Phenobarbital lowers serum bilirubin concentration in some patients with jaundice and is currently being evaluated as a therapeutic agent for hyperbilirubinemia (2) (3) (4) . However, the mechanism of the phenobarbital effect is incompletely understood, partly because of our still rudimentary knowledge of the normal pathways of bilirubin excretion. Preliminary experiments from this laboratory (5), like a few previous studies (2, 4, 6) , suggested that the primary action of phenobarbital in vivo is to augment pigment conjugation. Other reports have emphasized effects of drug treatment on different aspects of hepatic excretory function (7) (8) (9) (10) . Systematic investigations of the patterns of bile pigment excretion and the alterations induced by phenobarbital were therefore undertaken in normal rats and both homozygous and heterozygous Gunn rats, mutant animals with, respectively, complete and partial impairment of pigment conjugation (11) (12) (13) .
METHODS
Male rats1 weighing 350-480 g were studied. Experimental animals received subcutaneous injections of phenobarbital,' 40 -100 mg/kg per day 6 days of each week, and controls received comparable injections of drug solvent; similar dose ranges were used for each type of rat studied. Investigations 'Although Gunn rats are of the Wistar strain, Sprague-were performed after 4-5 wk of treatment, the time needed to achieve maximal drug effect in the human subject studied by Crigler and Gold (3) . In each set of experiments four to six animals from different experimental groups were intermixed and studied simultaneously. Excretion of a tracer dose of labeled bilirubin. Rats were anesthetized with ether, and the common bile duct was cannulated with polyethylene tubing.3 A catheter was also inserted into a lateral tail vein for infusion of physiological saline at a rate of 1 ml/hr. The animals recovered from anesthesia within i hr. 2-3 hr after surgery most of the rats received 0.1-0.2 jiCi ( 10-20 jig) bilirubin-"C' dissolved in normal rat serum (15) as a single pulse through the tail vein catheter. Others were given 0.3-0.4 jCi (10-13 jig) bilirubin-3H,' because bilirubin24C was to be included in a subsequent pigment infusion. Bile samples were collected on ice and in darkness at 15, 30, 60, 120, 180 , and 240 min. Additional samples were collected at 7 and 22 hr in the experiments with homozygous Gunn rats. The volume of each sample was recorded, and a measured quantity was counted in a liquid scintillation spectrometer (16); 6 counting efficiency was determined by automatic external standardization with a l'Ba source. In several experiments the remaining portions of bile were pooled, and the fraction of the total radioactivity present as labeled bilirubin was determined by crystallization (19) ; nonradioactive rat bile containing a measured quantity of bilirubin was added to the bile from homozygous Gunn rats.
Maximum capacity for bilirubin excretion. This was measured the day after the tracer study, i.e., 24 hr after surgery. Unconjugated bilirubin' in isotonic solution (20) was administered by continuous infusion through the tail vein catheter at a rate of 90-120 jig/min per 100 g body weight.
Bile samples were collected in small graduated tubes at 10-to 15-min intervals for 60 min, the duration of infusion. The volume was measured, and the sample was diluted with water for determination of bilirubin concentration (21) . The maximum rate of pigment excretion (Tm..) was generally reached 20-30 min after beginning the infusion, and the mean pf all subsequent values was calculated for each animal.
All experiments were performed under identical conditions. Although not monitored routinely, rectal temperatures in 10 rats ranged from 35.1 to 36.70C. This mild hypothermia may have led to a small reduction in Tm.. and bile flow (22) , but the same ranges of temperature were observed in all types of rat studied. Moreover, the findings in normal control rats were similar to those reported in earlier studies (14, 20) .
Several animals were sacrificed at the end of the infusion. Blood was removed from the vena cava for measurement of the concentrations of conjugated and unconjugated bilirubin in serum (23) . Conjugated bilirubin was also assayed (24) in urine collected during the infusion combined with that recovered from the bladder at autopsy. The liver was perfused with cold saline, and total and conjugated bilirubin concentrations were measured by the method of Hargreaves Capacity of the liver to conjugate bilirubin in vitro. Measurements were usually from animals sacrificed 1 day after the bilirubin infusion, when bile bilirubin excretion had returned to near-normal levels in all but the homozygous Gunn rats. Similar results were obtained in all three types of rat when sacrificed directly without previous surgery or pigment infusion. Bilirubin UDP-glucuronyl transferase activity was assayed by the method of Van Roy and Heirwegh (24) , as modified by Black and Billing (27) . Liver protein was measured by the method of Lowry, Rosebrough, Farr, and Randall (28), using human albumin' as a standard.
RESULTS
No relationship was observed between any of the experimental findings and the dosage of phenobarbital. Individual dosage rates will therefore not be specified.
Excretion of a tracer dose of labeled bilirubin. Findings were comparable with either 1'C-or 'H-labeled bilirubin. Biliary excretion of the tracer was similar in heterozygous Gunn rats and normal rats and was unaffected by treatment with phenobarbital in both types of animal (Fig. 1) . Label was excreted much more slowly in homozygous Gunn rats, but again the curves for treated and control animals were virtually superimposable. Measurements of the per cent of the excreted radioactivity present in labeled bilirubin were performed ' The accuracy of this technique was evaluated with liver from two mice which 5 min earlier had received 1.5 X 105 dpm (0.35 mg) bilirubin-"C intravenously; values for total bilirubin concentration according to the Hargreaves method were 98 and 108%o of those obtained by radioassay. In addition, the assay for conjugated bilirubin was not affected by additions of unconjugated pigment to liver homogenates. Conjugated bilirubin was found in the serum of each of the six control Sprague-Dawley rats and the four control heterozygous Gunn rats in which this was measured at the end of the infusion. In the normal animals the mean value for total serum bilirubin was 32.4 mg/ 100 ml (SE 2.4), of which 22.4% (SE 1.6) was conjugated; the corresponding values for the heterozygous Gunn rats were 41.6 mg/100 ml (SE 5.3) and 11.4% (SE 1.4), respectively. Conjugated hyperbilirubinemia was further confirmed by chromatographic identification (26) of the conjugated diazo derivative. Small amounts of bilirubin were found in the urine in both types of animal (Table III) . Total bilirubin concentration in liver of the normal rats averaged 0.45 mg/g (SE 0.04), 71.1% (SE 4.1) of which was conjugated; the corresponding values for the heterozygous Gunn rats were 0.79 mg/g (SEO.19) and 32.4% (SE 5.6).
The total amounts of conjugated bilirubin in bile, liver, serum, and urine in these animals are shown in Table III . Although the "pool size" for conjugated bilirubin in serum is difficult to assess, we have made the assumptions that the conjugate is distributed in the same volume (30, 31) as serum albumin, to which it is chiefly bound (32) , and that there is little diffusion of this polar molecule into the tisues. An error in this assumption would not alter the finding that somewhat more than half the amount of conjugated bilirubin is found in each of these four compartments in heterozygous Gunn rats as compared with normal rats; i.e., that a similar percentage of the total conjugate is recovered in each compartment in both types of animal.
Chromatographic analysis of bile pigments. Two major bands, conforming to the diazo derivatives of conjugated and unconjugated bilirubin (26) , were observed in thin-layer chromatograms prepared from the bile of normal and heterozygous Gunn rats. These accounted for virtually all of the eluted optical density. Occasionally, a faint band migrating between these two, with R, 0.70-0.75, was also noted. Only the unconjugated diazo (24) , who used different diazotization and chromatographic techniques. These findings would be most readily explained by the presence of large amounts of conjugated pigment I, which on diazotization yields equal quantities of the conjugated and unconjugated derivative (26, 33) . Preliminary experiments with a chromatographic system which separates the native bile pigments (26) are consistent with this supposition.
Capacity of the liver to conjugate bilirubin in vitro (Table II) . In all three groups of animals phenobarbital treatment led to an absolute increase in liver weight; however, there was little or no change in relative liver weight in the normal animals. Drug treatment induced an increase in liver protein concentration in the two groups tested.
Combined values for normal rats were significantly higher than those for heterozygous Gunn rats with P < 0.01 by t test (29) . (Table I) , whereas transferase activity is stimulated more freely (Table II) . DISCUSSION Phenobarbital has manifold effects upon liver metabolism (34) , and the precise manner in which it can facilitate bilirubin excretion may well be complex. Since barbiturates augment the activity of bilirubin UDP-glucuronyl transferase (6, 8, (34) (35) (36) ) but apparently do not affect jaundice when this enzyme is completely absent (4, 6), induction of enzyme activity seemed the primary mode of drug action. However, this fails to explain why marked increases in the capacity to conjugate bilirubin in vitro, as with drug-treated Sprague-Dawley rats (Table II) , are not necessarily associated with facilitated pigment excretion in vivo (Fig. 1, Table I ). Other lines of investigation have suggested the importance of increased rates of bile flow and anion secretion (7, 9) , enhanced hepatic uptake (10), and enlarged liver mass (7) . A final consideration is that phenobarbital might stimulate the alternate pathways by which subjects with impaired conjugation may excrete bile pigment (19) .
Phenobarbital-Induced Changes in Bilirubin Excretion
In the present experiments phenobarbital had no effect on the rate of basal pigment excretion, as assessed with tracer doses of labeled bilirubin (Fig. 1) . Indeed, the similar findings in normal and heterozygous Gunn rats, both control and drug-treated, indicate that this function in rats is not influenced by widely divergent levels of bilirubin glucuronyl transferase activity; only when enzyme activity is completely deficient, in homozygous Gunn rats, is the excretion of labeled bilirubin compromised. Similarly, Black and Billing found marked depressions of enzyme activity but only minimal hyperbilirubinemia in some patients with Gilbert's syndrome, suggesting that the liver has a large reserve capacity for pigment conjugation (27) .
On the other hand, the studies of maximal bilirubin excretion (T.a.) revealed a number of intriguing relationships. Interpretation must take into acount the striking enhancement of T.ax in heterozygous Gunn rats but the lack of effect in normal rats, despite substantial increases in conjugating activity in both types of animal (Tables I and II) . It must consider the significance of the conjugated hyperbilirubinemia and bilirubinuria in untreated heterozygous Gunn rats undergoing infusions of unconjugated pigment in light of the compromised capacity of these animals to form the conjugated product. Finally, it should explain the correlations between Tmax and both the rate of bile flow and the activity of the conjugating enzyme in control, but not drug-treated, heterozygous Gunn rats and normal animals ( Figs. 2  and 3 ). These findings seem best explained by an effect of phenobarbital on two apparently interrelated steps in the excretory pathway, conjugation and biliary secretion of the conjugated pigment.
Only in heterozygous Gunn rats did phenobarbital lead to augmented bilirubin excretion in vivo, and there can be little doubt that enhanced conjugation played a major role. In view of the gene-dose relationship, it is not surprising that bilirubin UDP-glucuronyl transferase activity in the liver of these animals before treatment is half normal (Table II) . Similarly, the Tnax for bilirubin is half that of normal animals (Table I ). This relationship might indicate that the partial impairment of conjugation in heterozygous Gunn rats is rate limiting in the presence of a bilirubin load, or that another step is limiting but is linked to the conjugation process. The consistent recovery of conjugated bilirubin in plasma and urine of untreated heterozygous Gunn rats supports the latter conclusion. Other investigators have reported conjugated hyperbilirubinemia in normal subjects with increased bilirubin excretion (37) (38) (39) , and have interpreted this to indicate that a step distal to conjugation, i.e. secretion, is rate limiting under these conditions. The present findings in heterozygous Gunn rats suggest that this is also true at decreased levels of pigment conjugation. Moreover, at the two different levels of excretory capacity represented by these and by normal rats, a fixed percentage of the total pigment conjugated appears to be accommodated by the mechanism for biliary secretion, while a more or less fixed percentage is lost into the plasma and urine (Table III) .
The relationships between T.a. and both the rate of bile flow and the activity of the conjugating enzyme ( Figs. 2 and 3 ) add support to this concept. Since the secretory mechanism appears to govern the Tm.. for bilirubin in normal subjects (37) (38) (39) , and since biliary secretion of various anions is also one of the factors determining bile flow (40, 41) , the correlation between Tinax and bile flow in normal rats is not unexpected. That this relationship extends to heterozygous Gunn rats suggests that secretion has a regulatory role in these animals as well. If secretion is indeed rate limiting, then the correlation between Trax and the activity of the conjugating enzyme in both normal control rats and heterozygous Gunn rats implies an intimate association between bilirubin conjugation and secretion at the different levels represented by both types of animal.'
The studies of Hargreaves and Lathe with "cholephilic" agents also suggest that these are interrelated processes (42) . This concept may seem contrary to the report that homozygous Gunn rats, which are completely unable to conjugate bilirubin, excrete an exogenous load of conjugated bilirubin normally (14) . Interpretation of this finding is complicated by the fact that bile had to be used as the vehicle for the conjugated pigment (43) . However, it seems probable that the secretory apparatus is intact in animals with impaired conjugation, but that its utilization may normally be a function of the rate of 12 Measurements of conjugation in vitro can be used to assess relative magnitudes of enzyme activity, but may not accurately reflect the capacity for conjugation in vivo. Nevertheless, results of the enzyme assay agreed reasonably well with total recovery of conjugated bilirubin in intact rats undergoing infusions of unconjugated pigment (Table III) . ongoing conjugation within the liver cell. Such a relationship could be explained by anatomic continuity between those portions of endoplasmic reticulum concerned with pigment conjugation and the mechanism for hilirnbin transport on the canalicular membrane.
In view of these relationships, it seems likely that phenobarbital enhances T.. in heterozygous Gunn rats by stimulation of the limited activity of bilirubin glucuronyl transferase associated with amplification of functional secretory capacity. Since T.ax did not exceed physiologic levels in either the heterozygous Gunn rats or the normal animals (Table I) , whereas glucuronyl transferase activity was stimulated to supranormal values in accordance with the type of animal studied (Table  II) , there appears to be an upper limit to the secretory capacity that is not shared by the conjugating mechanism. Thus, the high levels of enzyme activity induced by phenobarbital lead eventually to some dissociation between these two processes (Fig. 3) .
Other effects of phenobarbital may also have played a role in the changes observed in these experiments. The hepatic uptake process, for example, was not specifically examined. On the other hand, enhancement of bile flow was insufficient to account for the increase in Tm.. in heterozygous Gunn rats, in view of the elevated concentration of bilirubin in bile (Table I ) and the poor correlation between Tm.. and bile flow in individual drugtreated rats (Fig. 2) . Roberts and Plaa found slight rises in Tm.. associated with increased rates of bile flow in normal rats treated with phenobarbital (7). It is not clear why average bile flow increased so little in normal rats in the present experiments; however, the highest flows in individual rats were not associated with proportionately high rates of pigment excretion (Fig. 2) .
Finally, these experiments indicate that phenobarbital does not stimulate the alternate pathways by which bilirubin may be degraded to products not requiring conjugation for excretion (19) . Homozygous Gunn rats rely almost entirely on these pathways (19) . Although phenobarbital does not affect the level of jaundice in these animals (6), it seemed possible that this was due to offsetting increases in both bilirubin excretion and bilirubin production from nonerythroid sources (44) . However, phenobarbital failed to increase the excretion of radioactivity into the bile in homozygous Gunn rats given tracer doses of labeled bilirubin (Fig. 1) . Similarly, it did not affect the fraction of the total bile radioactivity present as bilirubin in these animals, in heterozygous Gunn rats, or in normal animals. Additional studies (45) have shown that phenobarbital fails to alter the rate of total pigment turnover and only mildly increases the production of early labeled bilirubin in homozygous Gunn rats, in contrast with the marked stimulation reported for normal animals (44) .
Some of the present data are complex and may be subject to different interpretations. In addition, barbiturates may affect several facets of hepatic excretory function. However, all of the findings in heterozygous Gunn rats can be explained by a predominant effect on two intimately linked steps: bilirubin conjugation and the associated process by which the conjugated pigment is then excreted into the bile.
